The chloride/anion channels that have been so far identified in cultured astrocytes and those that have been confirmed in situ by a combination of mRNA identification, immunocytochemistry, and biophysical studies are reviewed. It is emphasized that we are just beginning to describe such channels and analyze their functions in astrocytes. The best-studied anion channels studied so far are those known as volumeregulated anion channels (VRACs). These, as for most channels, have been mainly studied in cultured astrocytes, but some correlative studies have been done in situ, because these channels have been emphasized as release routes for transmitters; namely, excitatory amino acids and ATP. They are activated by cell shape changes and cell swelling, and the release of amino acids and ATP and chloride currents, measured by whole cell clamping, by these processes has been well described, as is also their activation by low concentrations of extracellular ATP. However, the identity of these channels in astrocytes, as in all other cells, remains elusive. The potential involvement of VRACs in pathological states such as stroke, metastasis, and spreading depression is also discussed. V V C 2006 Wiley-Liss, Inc.
INTRODUCTION

Cl
2 is the major strong anion in all physiological saline environments for vertebrates, with bicarbonate as the major (anionic) buffer, but is partially replaced by organic anions in many invertebrates (Prosser and Brown, 1961) , such as malate in the medicinal leech (Hildebrandt and Zerbst-Boroffka, 1992) . All living cells express a combination of transporters and ion channels to move Cl 2 , bicarbonate, and other anions across cell membranes. In the mammalian brain, dramatic changes in osmolarity or water content occur during some diseases and present as brain edema. However, water movements and changes in the extracellular space also occur during normal activity (Nicholson and Sykova, 1998) , and it has been proposed that buffering of K 1 by glial cells may also be associated with channel-mediated Cl 2 fluxes (e.g. Walz, 2002) . The early biophysical studies of Kuffler and colleagues failed to identify any contribution of Cl 2 to the glial resting conductance. This was due to technical limitations, and that the physiological context can determine whether or not astrocytic anion channels become activated. These channels are only beginning to be studied at the molecular and biophysical level, and thus, our knowledge regarding Cl 2 channels in glial cells is more tentative than that of other channels. There are a number of technical limitations, including a lack of channelspecific pharmacological reagents and, until recently, channel-specific antibodies. The lack of specific channel antagonists makes it difficult to rigorously link cloned Cl 2 channels to actual Cl 2 currents expressed in cells. Nevertheless, some exciting recent studies indicate that Cl 2 channels may be important contributors to the physiology and pathophysiology of glia. This review concerns itself with more recent studies on Cl 2 and anion channels in a particular group of glial cells, the astrocytes. We therefore purposively exclude transporters that provide important parallel nonconductive pathways for cotransport of anions with cations and exchange of anions, such as Cl 2 with bicarbonate (Brookes, 2005; Kimelberg and Bourke, 1982) .
Anion channels, measured electrophysiologically with Cl 2 as the current carrying anion, serve to alter cell shape and cell volume changes in migratory cells (Ransom et al., 2001 ) and may be an important pathway for the release of neurotransmitters and ATP in the normal brain (Mongin and Kimelberg, 2004) . Under pathophysiological conditions, these channels may assist in brain volume homeostasis, specifically contributing to or ameliorating brain edema (Kimelberg, 2000) .
ANION/CL 2 CHANNELS IN ASTROCYTES
Cl 2 outnumbers any other available negatively charged mobile anion, and hence Cl 2 ions are the primary charge carriers through typical anion channels. It is important to note that most anion channels are also permeable to other anions, including amino acids and other organic and inorganic anions, and hence may function to release intracel-lular pools of these molecules, as discussed later. However, in biophysical studies, channels that mediate anion flux are typically referred to as Cl 2 channels, because the measurements are made with solutions where Cl 2 is the major anion.
Our molecular understanding of Cl 2 channels in astrocytes is in its infancy. Cl 2 channels cloned to date can be grouped into four molecular super families (Valverde, 1999) : the CFTR channels, Ca 21 -activated Cl 2 channels (Agnel et al., 1999) , voltage-dependent anion-selective channels (VDACs) (Dermietzel et al., 1994; Dolder et al., 1999; Wunder and Colombini, 1991) , and the ClC channels (Jentsch et al., 1999; Valverde, 1999) . Only a few of these have thus far been identified in any type of astrocyte preparation. For example, PCR studies have demonstrated the presence of ClC-2 and ClC-3 transcripts in cultured cortical astrocytes (Parkerson and Sontheimer, 2004) , and these two channels are also prominent in astrocyte-derived tumors (Olsen et al., 2003) .
As illustrated in Figs. 1A-C, ClC-2 and ClC-3 channels can be detected by both PCR and immunolabeling in cultured astrocytes. Electrophysiological recordings show outward currents that are reduced by a replacement of Cl 2 with I 2 (Fig. 1D) , consistent with functional channels of the ClC family. Both ClC-2 and ClC-3 appear to be engaged in regulatory volume decrease (RVD) following hypotonic swelling Sontheimer, 2003, 2004) . BR1-VDAC, a member of the VDAC family has been cloned from bovine brain and shown to constitute a porin in astrocytes (Dermietzel et al., 1994) . ClC-1 isoforms have also been identified in primary astrocyte cultures by RT-PCR (Zhang et al., 2004b) . VDAC and weak CFTR transcript expression have been found in cultured astrocytes (Parkerson and Sontheimer, 2004) .
The majority of our current biophysical knowledge regarding Cl 2 channel expression in astrocytes stems from recordings in cultured cells. Using patch-clamp recordings, Ritchie and colleagues (Gray and Ritchie, 1986 ) first demonstrated outwardly rectifying currents from cultured astrocytes that persisted when extracellular Cl 2 was replaced with acetate, but these currents disappeared when Cl 2 was replaced by gluconate, suggesting that these outwardly rectifying currents were mediated by Cl 2 ions. However, astrocytes do not show a significant resting Cl 2 conductance (Walz, 2002) . Indeed, only cell swelling or changes in the morphology of the astrocyte or receptor activation activates these otherwise silent Cl 2 channels. Another factor in studying these channels is that the dominant K 1 conductance has to be inhibited to see the anion channels. Lascola et al. (1998) demonstrated that changes in the cell cytoskeleton were necessary and sufficient to activate Cl 2 channels in cultured astrocytes. Rounding up cells by brief exposure to trypsin or by exposure to serum-free Ringer's solution, as well as swelling cells by exposure to hypo-osmotic solution, were each able to induce the same outwardly rectifying Cl 2 currents. One possibility is that astrocyte Cl 2 channels are intrinsically connected to the cell's cytoskeleton, which will change with shape or volume changes. This may explain why Barres and colleagues (Barres et al., 1988) were only able to observe Cl 2 channels in cultured rat optic nerve astrocytes upon excision of the channel-containing patch from the cell membrane. However, the cytoskeleton does not act alone, as MacVicar and colleagues showed that hypotonic challenge activate outwardly rectifying Cl 2 currents in cultured cortical astrocytes, but that the development of currents was dependent on the (Adapted from Parkerson and Sontheimer, 2004.) activation of mitogen-activated protein kinases (Cr epel et al., 1998) .
In addition to these volume or shape-regulated outwardly rectifying Cl 2 channels, astrocytes also express inwardly rectifying Cl 2 currents under certain conditions. For example, Ferroni and colleagues treated astrocytes for 2 weeks with dBcAMP, a drug frequently used to round up these cells (Ferroni et al., 1997) . Under these conditions, they were able to record Cl 2 currents mediated by small conductance (3-6 pS) channels that were inhibited by Cd 21 . Similar small conductance Cl 2 currents had previously been demonstrated in cultured mouse cerebral astrocytes (Nowak et al., 1987) . The currents were potentiated by hyperpolarization, a hallmark for ClC-2 Cl 2 channels, and showed a Cl 2 5 Br 2 5 I 2 > F 2 > cyclamate > or 5 gluconate permeability sequence. External application of the Cl 2 channel blockers, 4,4-diisothiocyanatostilbene-2,2-disulphonic acid or 4-acetamido-4-isothiocyanatostilbene-2,2-disulphonic acid, did not affect these currents, but anthracene-9-carboxylic acid and Cd 21 or Zn 21 inhibited it. These features are consistent with those of recombinant ClC-2 channels expressed in oocytes (Furukawa et al., 1998) . Interestingly, as with outwardly rectifying Cl 2 channels in astrocytes, ClC-2 in oocytes has been demonstrated to be normally inhibited by intact cytoskeletal actin (Ahmed et al., 2000) .
The presence of ClC-2 in astrocytes in vivo is now supported by immunohistochemical studies that demonstrate ClC-2 protein in hippocampal lamina that also contains GABAergic neuronal terminals (Sik et al., 2000) . The most compelling evidence, however, for the expression of ClC-2 channels in astrocytes in vivo, comes from studies in mouse brain slices comparing astrocytes in ClC-2 knockout mice to wild-type controls. The former showed hyperpolarization-activated Cd 21 -sensitive Cl 2 channels that were absent in astrocytes recorded in ClC-2 KO animals (Makara et al., 2003) .
ClC-2 channels are inwardly rectifying and therefore ideally suited to aid Cl 2 secretion. (Note that the flow of current is defined as flow of positive charge and is thus opposite to the flow of negatively charged Cl 2 ions). In addition, ClC-2 currents are active near the cell's resting potential and currents are often modulated by cell volume changes (Duan et al., 2000; Grunder et al., 1992; Jordt and Jentsch, 1997; Roman et al., 2001; Xiong et al., 1999) . Hence ClC-2 may be a channel that supports the release of osmotically active Cl 2 following cell swelling. Alternatively, ClC-2 channels may support the Cl 2 efflux in the context of cell shape changes that occur as cells migrate. Such a requirement has been documented in astrocyte-derived tumor cells where cell invasion is accompanied by marked cell shrinkage to accommodate cells to fit through narrow extracellular spaces in the brain (Ransom et al., 2001) .
Both cell shrinkage and cell invasion can be inhibited using blockers that inhibit Cl 2 channel function, including drugs that presumably inhibit ClC-2 and ClC-3 (Olsen et al., 2003) . Importantly, cultured astrocytes and glioma cells actively accumulate intracellular Cl 2 , such that the equilibrium potential for Cl 2 in these cells is always positive (240 mV) to the resting membrane potential (280 mV) (Kettenmann, 1987; Kimelberg, 1981) , and hence any opening of Cl 2 channels causes an efflux of Cl 2 from the cell. The resulting efflux of Cl 2 in conjunction with K 1 and obligated water represents an effective mechanism for cells to shrink. Indeed, such a role for cell shape and cell volume changes may apply more broadly to migratory cells, including immature neurons, which also accumulate intracellular Cl 2 (Andersen et al., 1980) . Of note, chlorotoxin, a peptide presumed to be a Cl 2 channel-specific inhibitor (DeBin et al., 1993) , is currently in phase II clinical testing for patients with malignant glioma. While the mode of action of this peptide and its specificity for Cl 2 channels is somewhat controversial, it has recently been shown to induce the endocytosis of ClC Cl 2 channels into caveoli (McFerrin and Sontheimer, 2005) .
A significant body of work in cell cultures supports the notion that cell swelling induced by hypotonicity or elevated K 1 o activates Cl 2 channels that are normally silent, and numerous neurological conditions have been reported to present with edema and show marked swelling of astrocytes (Kimelberg, 1995 (Kimelberg, , 2000 . In vitro, astrocytes respond to hypotonic swelling with a characteristic RVD (Kimelberg and Frangakis, 1986) , and in brain slices, RVD has been observed when tissue taurine levels are maintained, suggesting that similar mechanisms are at play in intact tissue (Kreisman et al., 2003) . The RVD process is still not entirely understood, but clearly involves the extrusion of osmotically active anions, Cl 2 and taurine amongst them, to aid the secretion of water and may regulate the cell volume back to a normal value. These volume-regulated anion channels (VRACs) will now be more fully discussed.
VRACS AND THE RELEASE OF AMINO ACIDS
VRACs are found in essentially all cells, and have mainly been studied in culture. These channels have also been termed VRACs, volume-sensitive outwardly rectifying anion channels, volume-sensitive organic anion channels and I Cl 2 ,vol or I Cl 2 ,swell , as they were initially defined by the characteristic outwardly rectifying chloride current that develops in cells swollen by exposure to hypotonic media (Eggermont et al., 2001; Jentsch et al., 2002; Okada, 1997; Strange et al., 1996) . The only properties on which most investigators agree is the electrophysiological signature of this current. The channel protein (or proteins) responsible for this current remains elusive (Jentsch et al., 2002; Nilius and Droogmans, 2003; Okada, 1997; Strange, 1998) . Figures 2D and 2E show the signature features of VRAC currents. When primary astrocyte cultures are exposed to hypotonic medium, VRAC currents are typically inhibited by tamoxifen and DCPIB (Figs. 2B,D) . Above the current traces (Figs. 2A,C), we illustrate the typical time courses of the efflux of preloaded 3 H-D-aspartate, as an indicator of excitatory amino-acid release, due to exposure to hypotonic medium. D-Aspartate was used instead of L-glutamate, because it is not metabolized. There is a rapid rise of aspartate release followed by a subsequent decline attributable to the reduction in cell volume as the cell regains its control volume through the solute release via the swelling activated anion channels. These function together with K 1 channels for efflux of KCl plus other anions in conjunction with osmotically obligated water (Pasantes-Morales et al., 1994) . Also shown is the marked potentiation of the efflux by addition of 10 lM ATP, which is massively released in the CNS initially during ischemia and head injury. The relationship of ATP to anion channels is discussed further later. Both efflux and current are inhibited by tamoxifen and DCPIB, which are very effective blockers of VRACs. In the case of tamoxifen, marked inhibition of efflux is only seen for the ATP-stimulated component, while for DCPIB the inhibition is around 90% in both conditions (see bar graph in Fig. 2F ). Tamoxifen has a number of other effects (Kimelberg, 2005; Mongin and Kimelberg, 2004) but, at least currently, DCPIB is considered a ]aspartate release in the presence or absence of 10 lM ATP. Cells were exposed to hypo-osmotic medium (30% reduction in osmolarity for all experiments) as indicated, in the presence (h, s) or absence (n, ) of 10 lM tamoxifen, applied as indicated. ATP was present in hypo-osmotic medium only (s, ). Data are means 6SEM of 5-7 experiments. **P 5 0.002, tamoxifen vs. control; ### P < 0.001, ATP vs. ATP plus tamoxifen, repeated measures ANOVA. B. Effect of 10 lM tamoxifen on swellingactivated Cl 2 currents. Cells were held at 0 mV and step pulses to 1 and 240 mV were applied. Representative of six electrophysiological recordings. C. Effect of 20 lM DCPIB on swelling-activated D-[ 3 H] aspartate release in the presence or absence of 20 lM ATP, in the presence (h, s) or absence (n, ) of DCPIB, which was given 10 min before and during application of hypo-osmotic medium, as indicated. Data are means 6 SEM of five experiments. ***P < 0.001, DCPIB vs. control; ### P < 0.001; ATP vs. ATP plus DCPIB, repeated measures ANOVA. D. Effect of 20-lM DCPIB on swelling-activated Cl 2 currents. Representative of six electrophysiological recordings. E. shows Cl 2 current responses to step pulses from 2100 to 1100 mV in 20-mV increments from 0-mV holding potential after exposure to hypotonic medium. F. Normalized release values relative to 100 for control swelling-activated excitatory amino acid release, with and without ATP and normalized VRAC currents in the absence of ATP in presence of tamoxifen or DCPIB. For B, D-F the isoosmotic external solution contained (in mM): 110 CsCl, 2 CaCl 2 , 1 MgSO 4 , 5 glucose, 10 Hepes, and 60 mannitol (pH 7.4, 290 mosmol). The hypoosmotic solution was made by omitting mannitol from isotonic solution and had an osmolarity of 230 mosmol. The pipette solution contained (in mM): 110 CsCl, 1 MgSO 4 , 1 Na 2 -ATP, 0.3 Na 2 -GTP, 15 NaHepes, 10 Hepes, and 1 EGTA (pH 7.3, 255 mosmol). The osmolarity of the pipette solution was set lower than that of the isotonic bath solution in order to prevent spontaneous cell swelling after attaining the whole-cell mode (from Abdullaev et al., 2006) . specific blocker, in the sense that at the same concentrations it does not block a variety of other anion channels (Decher et al., 2001) .
For astrocytes, VRACs have been predominantly studied in primary cultures of these cells prepared from neonatal pups. The initial suggestion that such channels occur in astrocytes came from the work of Pasantes-Morales and Schousboe (1989) studying the release of radiolabeled taurine from swollen primary astrocyte cultures. Kimelberg et al. (1990) then made the observation that swelling of primary astrocyte cultures released preloaded radiolabeled glutamate and aspartate as well as taurine. This led to the hypothesis that the release of glutamate via VRACs could contribute to the initial increase in extracellular glutamate leading to excitotoxicity. This may occur in the context of acute pathologies such as stroke and closed head injury where marked early swelling of astrocytes is observed. (Kimelberg, 1995 (Kimelberg, , 2000 Mongin and Kimelberg, 2004) , and this topic has been specifically covered in another special issue of Glia (Kimelberg, 2005) .
The present special issue deals mainly with the release of transmitters from astrocytes under nonpathological conditions, with implications for astrocytic modulation of synaptic activity and other effects, depending on where, when, and how much of the transmitter type molecules are released, as envisioned in the tripartite synapse concept (Araque et al., 1999) . Recent work has shown that preloaded D-[ 3 H]aspartate can be released from primary astrocyte cultures with very modest swelling, for example in response to a decrease of 5% in osmolarity when a low concentration of ATP (10 lM) is also present Kimelberg, 2002, 2005 and Fig. 3A) . Is this ATP effect additive, or potentiation of an obligatory swelling response? Some activation of VRACs by slight swelling cannot be eliminated even if the bath solution is considered nominally isosmotic, so that a direct effect of ATP without prior activation of VRACs is very difficult to establish. However, an important finding is that co-application of ATP causes around a 10-fold increase in the otherwise small release (Figs. 3A,B) of aspartate, and also for taurine ]. Cells were preincubated with 10 lM BAPTA-AM for 20 min, followed by a 5-min wash to remove extracellular BAPTA-AM. Then, astrocytes were exposed to a 5% reduction in medium osmolarity plus 10 lM ATP. The data are the means 6SEM of five experiments performed on two cell culture preparations. E. ATP-induced release is inhbited by an increase in medium osmolarity. Cells were exposed to 10 lM ATP and the simultaneous changes in medium osmolarity shown during 21st to 30th min of superfusion. ( Fig. 3C ). When [Ca 21 ] i is reduced to lower than resting levels by BAPTA-AM, the release is also inhibited (Mongin and Kimelberg, 2002) . A smaller release was seen with nominally isosmotic media, but the effect was not seen when the osmolarity of the media was increased by 5-10% (Mongin and Kimelberg, 2002 and Figs. 3E,F.) . Recently, Takano et al. (2005) have reported that this osmolarity-dependent release of glutamate by ATP was associated with an increase in volume of the primary astrocyte cultures in nominally isosmotic medium, and this increase as well as the glutamate efflux depended on an increase in intracellular Ca
21
. The increase could therefore also be indirect due to activation of a K 1 Ca 21, channel leading to hyperpolarization and an increased outward driving force on aspartate, or activation of vesicular release pathways (Haydon and Carmignoto, 2006) . However, the pharmacology of the inhibition of the release (Mongin and Kimelberg, 2002) argues, to some extent, against this latter possibility.
Thus, in principle, a small degree of swelling coupled with astrocyte receptor activation that increases intracellular Ca 21 can release EAAs and other compounds that permeate VRACs. The volume-dependent release of transmitters from astrocytes could lead to effects on transmitter release from synaptic terminals (Araque et al., 1999) . To further establish that such effects do occur in situ, one needs to be able to test its occurrence and determine its functional consequences in situ or in vivo. Studies have been done that show that fusion-dependent release of EAAs occurs in astrocytes in situ (Pascual et al., 2005; Zhang et al., 2004a) , and that interfering with such events causes changes in synaptic strength and LTP (Pascual et al., 2005) . These effects are always ascribed to effects on fusion of intracellular EAAfilled vesicles and release of the EAAs from astrocytes. However, it is quite possible that intracellular vesicles are fusing with the astrocyte plasma membrane, to insert channels such as VRACs, as this is a ubiquitous mechanism for inserting channels, transporters, and other proteins into the plasma membrane (Brown et al., 1997) . Figure 3D shows that in astrocytic cultures the hypoosmotic release mediated by VRACs is also dependent on intracellular Ca 21 , so that Ca 21 dependence does not distinguish these two mechanisms. There has been no work to date on the existence of VRACs on astrocytes in situ, and this is clearly a gap that needs to be closed. There is the intriguing observation that some cultured neurons do not swell when exposed to hypotonic medium (Aitken et al., 1998 and the following section related to Fig. 4) . Again, does this translate to neurons in vivo and correspond to the marked rapid astrocytic, but lack of neuronal swelling, after stroke and head injury (Kimelberg, 1995) ? It would also predict that neurons do not express VRACs but astrocytes do. These questions are pressing and need to be answered. Recently, we have found considerable similarity between hypotonic media induced I Cl 2 measured electrophysiologically, and D-[ 3 H]aspartate release, in terms of the profiles of inhibition by a number of different anion channel blockers (Fig. 2F and Abdullaev et al., 2006) . There are apparent differences in time courses of activation under these different conditions. For example, the current does not decline in the whole cell voltage clamp approach. This may be due to the lack of volume regulatory decrease in the whole cell patch clamp technique, because solute continuously diffuses from the normosmotic pipette fluid to replace K 1 Cl
2
, and as they are organic anions are lost via VRACs from the cell cytoplasm. Thus there will be a continuous swelling and activation of the VRAC, rather than the activation followed by inactivation that occurs in an intact cell, which loses solutes and returns to its normal volume in the volume regulatory process, thus inhibiting VRAC's.
ATP RELEASE VIA ANION CHANNELS
The modulation by ATP of swelling-activated Cl 2 currents and volume changes suggests an important role for ATP in modifying the release of glutamate via volume-activated anion channels via intracellular signaling and other mechanisms. However, the relationships between ATP and this anion channel activation are complex. ATP appears to be released by anion channels, but at the same time, it appears to regulate their activity. In several cell types, swelling itself has been shown to induce the release of ATP (Wang et al., 1996) , which can act in an autocrine fashion to modify the response to swelling. These different pathways add further levels of complexity to the links between swelling, Cl 2 channel activation, and the release of neurotransmitters.
The original suggestion that ATP efflux was via P-glycoprotein Cl 2 channels has been questioned (Grygorczyk and Guyot, 2001; Hazama et al., 2000; Roman et al., 1997 ). There appears to be several mechanisms contributing to the efflux of ATP as a result of swelling. MacVicar's laboratory reported that swelling of astrocyte cultures induced an efflux of ATP (Darby et al., 2003) and seemed to involve a multidrug resistance protein (MRP), because it was sensitive to MRP transport inhibitors such as MK571. The efflux of ATP then in turn increased the activation of the swelling-activated Cl 2 current. In mouse airway epithelial cells, ATP release was shown to be caused in part by another pathway via VDAC channels (Okada et al., 2004) , but later work using deletion of the three genes encoding the VDAC isoforms showed no effect on the maxianion channel activity held to be responsible for ATP release (Sabirov et al., 2006) .
FUNCTIONAL IMPACT OF ATP RELEASE THROUGH VOLUME ACTIVATED CHANNELS IN ASTROCYTES
The first step in linking the work in cell culture to the intact CNS is to show the circumstances under which astrocyte swelling actually occurs in intact tissue such as brain slices or in vivo. There is surprisingly little work on this subject, considering the pathological importance of brain cellular edema (Kimelberg 2000) . It is clear that cells can rapidly change their volume in intact brain tissue. This has been elegantly demonstrated by the analysis of volume fraction and tortuosity of extracellular space using techniques pioneered by Nicholson and colleagues (Nicholson and Phillips, 1981; Nicholson and Sykova, 1998) . Increased synaptic activity decreases the extracellular volume as a result of cell swelling in the hippocampus (McBain et al., 1990) . In addition, ischemia causes very rapid and dramatic cellular swelling as indicated by large decreases in the extracellular volume (Perez-Pinzon et al., 1995) . A good dynamic method for examining volume changes in tissue are intrinsic optical signals (IOSs) (MacVicar and Hochman, 1991) . When cells swell, there is decreased light scattering, and brain slices show increased light transmittance that can easily be detected using digital imaging techniques (Andrew and MacVicar, 1994; Holthoff and Witte, 1996; Niermann et al., 2001) . A recent study using two photon laser scanning microscopy has directly shown that astrocytes swell in hypo-osmotic solutions, but neurons don't (Andrew et al., 2006) . This is shown in Fig. 4 , where the hypo-osmotically induced IOS (shown as increased light transmittance) is associated with increased astrocyte volume with no changes in neuronal size measured at the soma, dendrites, and axonal projections. This corroborates, and to some extent validates, the extensive work on isolated systems. It is certainly possible that the neurons had swollen but volume regulated (RVD) more rapidly than the astrocytes. However, there is no evidence to support this hypothesis, the measurements showing no neuronal swelling were made within 3 min of the exposure to hypotonic media (Anderson et al., 2006) , and other work on freshly isolated CA1 pyramidal neurons has shown that some of them are resistant to hypotonic media-induced swelling when volume measurements were made simultaneously with the osmolarity changes (Aitken et al., 1998) . The reasons why some neurons do not appear to swell upon exposure to hypotonic medium is an interesting question. Some possibilities are an unusually low permeability of their membranes to water together with a low level of aquaporins (Kimelberg, 2005) , an unusually strong and rigid cytoskeleton that restricts swelling but then would cause an osmotic pressure across the cell membrane (Aitken et al., 1998) , as well as the possibility of the aforementioned very rapid RVD.
SPREADING DEPRESSION AND THE RELEASE
OF GLUTAMATE THROUGH VOLUME ACTIVATED CL 2 CHANNELS Spreading depression (SD) is a slowly propagating wave of neuronal and astrocyte depolarization that leads to neuronal inactivation and synaptic depression (MartinsFerreira et al., 2000) . There are dramatic increases in cell volume and decreases in the extracellular space as cells swell during SD. These changes can be imaged by monitoring the IOS, which can be used to map the spread of the SD wavefront (Basarsky et al., 1998) . The increase in light transmittance occurs coincidently with the extracellular negative potential shift that is generated by the widespread depolarization. Basarsky et al. (1999) showed that the SD wavefront also correlated with a wave of increased intracellular calcium. However, only the intracellular calcium wave was reduced by removing extracellular calcium and not the SD, a finding recently confirmed using confocal imaging (Peters et al., 2003) . The profound cellular swelling during SD suggested that if glutamate release occurs during cell swelling in intact tissue, it should occur during SD. This was tested in MacVicar's laboratory by measuring glutamate release during SD in calcium-free solution (Basarsky et al., 1999) . In the presence of calcium and normal exocytosis, it is difficult to see the contribution of swelling-mediated release, because of the high degree of exocytotic release of transmitters from nerve terminals. However, when synaptic release was blocked by calcium-free EGTA solution, SD as measured by IOS and field recordings still occurred, and SDinduced glutamate release was measured in the effluent using HPLC (Basarsky et al., 1999 and Fig. 5 ). The release of glutamate during SD was blocked by NPPB (Figs. 5E,F) , a nonvoltage dependent blocker of volume-activated Cl channels, in cultured astrocytes (Abdullaev et al., 2006; Crepel et al., 1998) . Thus, the release of glutamate through volume-activated Cl 2 channels appears to increase the rate of propagation of SD by acting on NMDA receptors (Basarsky et al., 1999) .
CONCLUSIONS
It is evident that few anion or Cl 2 channels are well characterized in astrocytes and even less is known regarding their expression and function in astrocytes in intact tissue. Hence, the first order of business would call for a careful and comprehensive description of anion channel expression and activity in astrocytes in brain slices and, to the extents, it can reliably be done in vivo. The relative paucity of such studies over the past few decades may, in part, stems from the early physiological recordings in glial cells, presenting no evidence for any measurable Cl 2 conductance in glia. Such studies started with the sharp electrode recordings of Kuffler Fig. 5 . The release of glutamate during SD is reduced by NPPB, a blocker of volume-activated chloride channels. The release of glutamate during SD is reduced by NPPB, a blocker of volumeactivated chloride channels, supporting a role for amino acid release due to astrocyte swelling. SD was triggered by inhibiting Na,K ATPase with ouabain. Imaging IOSs showed the progressive propagation of the depolarization and swelling during SD (A) (time in min; DT indicates increased light transmittance in arbitrary digital units) through the CA1 region (B) of the hippocampal brain slice. (C,D) SD still propagated in 0 external calcium, and NPPB in the absence of calcium reduced the onset slope of SD. The onset slope is the rate of change of transmittance during the propagation of SD. (E,F) NPPB also significantly reduced the efflux of glutamate during SD but did not alter GABA or glutamine efflux rates (from Basarsky et al., 1999) . [Color figure can be viewed in the online issue, which is available at www.interscience. wiley.com.] and colleagues in the optic nerve of the amphibian Necturus maculosus. They impaled the large glial cells of the optic nerve and recorded I-V curves with two sharp electrodes and obtained resistances of <1-7 MX. This low resistance indicates that either the cells have a high density of open channels or a very large membrane area, perhaps augmented by extensive cell-cell coupling and low resistance gap junctions. This also makes the study of the electrophysiology of more minor channels difficult, i.e., the dominant K 1 conductance has to be selectively inhibited, which requires one to know the identity of all the K 1 channels. In contrast to a lack of changes when bath Na 1 and Cl 2 were changed, dramatic changes in the very negative membrane potential of around 290 mV occurred when bath K 1 was modified, giving a Nernstian relation for varying [K 1 o ] down to 1.5 mM. Mammalian CNS glia blindly impaled with sharp electrodes, and then identified as nonexcitable, also gave very negative membrane potentials and showed a Nernstian response to the more limited changes in [K 1 o ] (3 to~10 mM) that could be achieved by stimulation of the brain in the intact animals (reviewed in Somjen, 1995) . Thus arose the concept of the plasma membranes of glia, originally astroglia and later oligodendroglia, as having plasma membranes that exclusively contained K 1 selective leak channels and therefore exhibited large negative membrane potentials with E m E K 1. However, Kuffler et al. (1966) could not exclude passive anion channels that could serve to rapidly equilibrate the transmembrane chloride gradient to the new E K as they noted; ''Other ions such as Na 1 and Cl 2 had little influence on the membrane potential recorded 10-50 min after changing solutions. . . . We did not look for transient changes. '' From these studies in the 1960s to 1970s arose the concept of glial cells, especially astroglia, as cells that controlled [K 1 o ] by a process termed spatial K 1 buffering in the mammalian brain by virtue of the fact that their plasma membranes showed an exclusive permeability to [K 1 o ] by unknown channels that behave ohmically. These are often called ''leak'' channels, but these are K 1 -specific channels and not a nonspecific ''leak,'' and therefore ohmic would seem a preferable word to avoid any confusion on this. As pointed out by Barres et al., in a review in 1990 (Barres et al., 1990 , newer work up to that time called many of these ''tenets'' of glial cells into question. However, recent whole cell patch clamp studies on astrocytes in mammalian hippocampal slices from older rats seems to have reconfirmed the viewpoint that mature astrocytes show predominantly ohmic K 1 currents, at least for the CA1 hippocampal region, until other regions are similarly studied (Zhou et al., 2006) .
As covered in this review, the implication that glial cells have no anion (chloride) channels has now also been questioned. As pointed out earlier, however, activation of anion channels typically requires a stimulus, be it release of ATP, swelling, or shape changes. Few studies have attempted to search for currents under such conditions in situ, yet given the importance of anion channels in the context of brain volume homeostasis and change neutralization to allow significant fluxes of cations, such as K þ , NA þ and H þ such studies are vitally needed. Also, the recent finding that even very small perturbations in extracellular osmolarity or changes in ATP can activate anion channels, which in turn may release amino-acid transmitters challenges us to consider the role of these channels in normal brain function as well as in pathology.
